(10 events). Since the average sample spacing in the sites used for this analysis is only 0.185 m.y., we have examined the data for true patterns of diachrony and for other biases. Diachrony is more frequent among cosmopolitan than among endemic taxa, thus there is a general trade-off between the obtainable age precision and the geographic extent of a bioevent. Precision of age calibrations also decreases with increasing age. Although some of these features may be due to investigator bias, they appear in part to be real phenomena, and thus could also provide opportunities for further exploration of important paleobiological processes, such as change in environmental gradients through time, evolutionary adaptation of species populations and migration due to water mass changes.
Introduction
The general assumption on which traditional biostratigraphy is based is that first occurrences and last occurrences of taxa in various sedimentary sections represent synchronous events, thus justifying the biochronologic definition of first appearance datums (FADs) and last appearance datums (LADs). We use the FAD, LAD, and event as synonymous to the term "biohorizon" as defined in the International Stratigraphic Guide [Hedberg, 1976] . Synchrony of such biohorizons, demonstrated by globally distributed calibrations with other synchronous events, would elevate these units to chronologic rank (e.g., to "chronohorizons"). Ecologically, the assumption of synchrony of a biohorizon may be questionable, but the success of biochronology suggests that, within certain limits, the assumption is usually correct. Only with recent attempts to refine biochronologic resolution and in combination with other techniques, such as magnetostratigraphy and to test whether a particular stratigraphic succession was globally valid and if it coincided with the chronological order proposed in the published calibrations. The data were therefore analyzed using a probabilistic approach first suggested by Hay [ 1972] , applying a modification of the program described by Hills and Thierstein [ 1989] . The method consists of a compilation of the frequency of particular event successions in the analyzed sections and results in a most frequently occurring sequence of events observed in those sections. Using the computed probability matrix as a guide, the events were then reorganized after examination of the obtained probability distributions, taking into account successional inconsistencies which occurred occasionally [Agterberg and Gradstein, 1988] .
The probabilistic stratigraphy analysis gave us the most probable succession of events without any chronological data. To characterize the reliability of each event, we needed to obtain absolute age estimates for each event in each hole. For this purpose we used an age/depth plotting program [Lazarus, 1992 ] to obtain age estimates for the events in each of the 35 magnetostratigraphically calibrated holes considered. Except for a few short intervals, we based our age/depth plots on the published paleomagnetic age models. This program plots all the available biostratigraphic and magnetostratigraphic events, using the two during or in proximity of a hiatus and whose projected age could therefore be affected by it, were identified on the age/depth plots and eliminated from the data set.
The remaining data were sorted by plankton group and event. To prevent subsequent analyses from being too strongly affected by datasets containing only a few data points, we eliminated all events which had been magnetostratigraphically calibrated in less than four holes. This reduced our original 400 events to 124 events for analysis. The reduction indicates that there are a large number of potentially valuable and commonly used Neogene plankton events for which too little data is available for evaluation of their synchronous or diachronous character. For each of the remaining 124 events we calculated a mean age in each hole (mean of the two projected ages derived from the sampling interval), which we designated as local first occurrence (FO) and local last occurrence (LO), and a local error bar, representing the difference between the two age estimates for the samples bracketing the event (see example, illustrated with arrows in Figure 2 ). The error bars mostly reflect sample spacing but may also be influenced by sedimentation rate, recovery, preservation, and possibly differences in taxonomic concepts. The causes of particularly large error bars were individually checked and doubtful cases eliminated. Often these were due to exceptionally wide sample spacing or low sedimentation rates. Finally, a global mean age (first appearance datum (FAD) or last appearance datum (LAD)) and a standard deviation from all local mean ages was calculated for each event; the latter is an indication of the chronologic quality of an event, that is of how much variation exists in the calibrated ages for an event.
Potential and Actual Resolution and Precision of

Current Neogene Plankton Biochronology
One hundred and twenty-four Neogene plankton events could be calibrated palcomagnetically in at least four holes (Table 1) . The data indicate some general comments and interpretations about the quality of Neogene plankton biochronology, which we summarize first. In subsequent sections we will analyze in more detail possible biases and causes for the observed trends in and differences among the various plankton groups.
It is interesting to compare the theoretical (expected) distribution of the events in our data set through time with the actual resolution observed. To quantify the age resolution, we hypothesize an homogenous distribution and calculate the age interval covered by each event by dividing the time interval by the number of events. The average age resolution obtainable with the currently described and commonly used approximately 400 plankton events for the Neogene (0-24 Ma) ought to be (24:400 -) 0.06 m.y. If restricted to the 124 palcomagnetically calibrated events, the average resolution obtainable is 0.194 m.y. Brief inspection and analysis of the data in Table 1 As a measure of actual reproducibility (precision) of plankton biochronology, we can use the standard deviations computed for each event from its varying relative position with respect to the neighboring magnetic reversals in each section (i.e., offset from the correlation line in the respective age/depth plots). The standard deviations in Table 1 There are notable differences in the chronological sequence of events based on the mean age estimates from the age/depth plots and the sequence obtained from the probabilistic stratigraphy analysis (Table 1 , column 8). The sequential offsets in the probabilistic succession are usually associated with events that are documented in only a few holes and show a comparatively high standard deviation of the age calibrations, i.e. have taxonomic or preservation problems, show frequent reworking or are truly diachronous. We concur with Agterberg and Gradstein [1988] , who also believed that probabilistic stratigraphy alone has only a limited usefulness. This is because probabilistic analyses do not allow the identification of outlier entries, potentially caused by dissolution, reworking, hiatuses, etc., which may strongly affect the results. Such outliers, however, can be easily identified and subsequently analyzed on an age/depth plot.
For readers wishing to perform their own analyses, the whole set of data, including the holes where each event was reported, their depth, age interval and all subsequent calculations, is available as an electronic supplement •.
•An electronic supplement of this material may be obtained on a The 
Differences in Documentation Among Major Plankton Groups
There are some significant differences among the four major plankton groups with respect to their biochronologic applicability ( Calcareous nannofossil events are the most frequently reported: each event occurs on average in 13.5 holes. Foraminifera and diatoms are documented on average in about 6.5 holes, whereas radiolarians only in about 5. The most frequently reported event is the LAD of the nannofossil Reticulofenestra pseudoumbilicus, which is known from 28 magnetostratigraphically calibrated holes.
Obvious and expected biases in our data base which may be responsible for differences among the plankton groups are the number of specialists available for collecting data for each of the plankton groups and the differential development histories for the taxonomy and biostratigraphy of the four groups. Complete Neogene zonations using planktonic foraminifera had been established prior to the start of the Deep-Sea Drilling Project 25 years ago [e.g., Bolli, 1966; Blow, 1969] Although we tried to eliminate data of reworked microfossils, the summary of the ages obtained for an event in the latitude versus age plots sometimes showed us anomalous values: these were individually checked for a second time in the distribution charts. If we had no reasons to doubt the validity of those points, that is, if an occurren.ce was the highest in a continuous sequence of samples, it was considered a true last appearance. In some cases we idenfifie•d reworked specimens (i.e., rare, discontinuous) and. corrected the entered depth for that event. As already mentioned before, occurrences in proximity of a hiatus were eliminated from the database as soon as the age model was constructed.
The most striking feature of our compilation are the small standard deviations of radiolarian events, which are about half of those of the other groups. There are several conceivable reasons why this might be so, but the possible preferential use of FADs over LADs resulting in lesser reworking, can be ruled out. Other causes will have to be considered in the following.
Geographic Distribution of Records
The geographic distribution of the well-calibrated sections currently available does not appear to be strongly biased with respect to age. The geographic distribution of the selected sections divided into two age intervals is shown in the maps of Figure 7 . Even though there are much fewer sections from the Miocene (5 to 25 Ma) than from the Plio-Pleistocene (0-5 Ma), the former cover all the major biogeographic regions that are represented in the late Neogene data set. However, there is a hemispheric bias: the early and middle Miocene interval is better represented in the southern than in the northern hemisphere (Table 3) .
The biogeographic extent of the various plankton groups and their differential preservation should influence their biochronological applicability. A comparison of the frequency of events versus their total latitudinal range among plankton groups in this compilation demonstrates some major differences ( Figure   8 ). While most calcareous nannofossil events cover a rather broad latitudinal range, most of the radiolarian events are latitudinally restricted. In contrast, the diatoms and foraminifera show a more even distribution of endemic and cosmopolitan taxa. As we shall discuss below, these patterns strongly influence the "quality" of the global age calibration.
The events that show a very limited latitudinal range in Figure  8 , might be a result of scarse documentation in our data set. Additional analysis on these events have shown that some of these, although not as restricted as shown in Figure 8 suspect that diachrony has great potential for a better understanding of evolutionary and ecological processes.
Biochronologic Quality Differences Among Plankton Groups
The biochronologic value of a particular plankton event is dependent on its demonstrated synchrony over a given geographic range. As a measure for synchrony we use the standard deviations calculated for each event (Table 1) Figures 1 l a-1 l d) . For nannofossils there is a gradual but continuous increase in standard deviations with increasing age of the events (Figure 1 l a) . Diatom events tend to show a similar trend, although there is much more scatter. A rapid increase in standard deviations with age is observed for planktonic foraminiferal events, particularly up to 10 Ma ( One major cause for the observed differences in the standard deviations of the local age calibrations becomes apparent when they are plotted relative to the latitudinal range of the sites where they have been recorded (Figures 12a-12d) . Events of 
Synchronous Events
Many of the events that we have included in this work can be considered synchronous, within the resolution of our method. To keep our interpretation conservative, we consider the resolution of our method to be equal to twice the average sample spacing in our (Fig. 14g) are widely reported events that are reasonably synchronous (for age estimates see Table 1 ). The first four of these events were calibrated with oxygen isotope stratigraphy by Wei [ 1993] . There is a general agreement between our results and Wei's [1993] with a maximum difference of 0.1 m.y.
Over half of the diatom events (12 out of 21) are synchronous. Nine of these are recorded only around the equator and our mean age determinations are within + 0.5 m.y. of the ages given by Barron [1985a] and Mikkelsen [1990] in low latitudes (see Table  1 ). The only 2 non equatorial synchronous diatom events are: the LAD of Nitzschia fossilis (Figure 15a ) and FAD of Pseudoeunotia doliolus (Figure 15b) .
Considering the noise in the foraminifera data and the rather low precision of our method, only one quarter of the events in our compilation (9 out of 38) can be surely considered synchronous within the latitude range where they are reported: LAD of Globorotalia miocenica, LAD of Globoquadrina altispira, Almost all of the radiolarian events are more or less synchronous, but two-thirds of them are recorded only around the equator (see Table 1 ). This explains the low average standard 
Diachrony: Possible Causes and Applications
Within the stated limitations of the database we attempt to document and further analyze events that are not demonstrably synchronous and discuss their implications for the causes of biostratigraphic uncertainty, possible cures, but also new opportunities to better understand processes of plankton evolution. Such analyses, however, require definition of the criteria used to separate diachronous from synchronous events, that is, when a derived local age estimate for an event is likely beyond the variability expected from sample spacing, incomplete recovery, sedimentation rate changes, etc. The age uncertainties caused by these processes had already been computed in our age/depth plots (vertical bars in Figure 2) . The mean value of all these uncertainties (0.185 m.y.) is about one third of the mean standard deviation (0.6 m.y) of all plankton events. By these criteria there remains the surprising number of 71 traditionally used plankton events which are apparently diachronous, out of a total of 124 bioevents investigated in this study.
We can think of at least four hypotheses for the causes of such diachrony: change in environmental gradients through time, evolutionary adaptation of populations, migration due to water mass changes, and investigator biases. In the following discussion we will attempt to demonstrate evidence for three of these, using plots of local bioevent age estimates versus latitude. This approach is feasible and appropriate, since modern plankton distributions vary primarily with latitude, and it allows us to make maximum use of the rather limited number of data points for many of the events.
Hypothesis 1: Change of Environmental Gradients Through
Time An increase in latitudinal gradients through time is expected from our knowledge of Tertiary cooling of polar areas [Kennett, 1982] . An expected response by the planktonic biota would be the replacement of cosmopolitan by endemic taxa. As demonstrated above, diachrony tends to be higher in cosmopolitan taxa than in endemic ones ( Figure 12) ; thus a general decrease of diachrony through the Neogene would be expected. Such trends are indeed observed, at least in some plankton groups, such as the nannofossils, diatoms, and foraminifera (Figure 11 ). However, a statistical test for correlation of age of events versus their latitudinal range has shown a very small correlation coefficient (R 2 < 0.1). Therefore other causes for the observed decrease in diachrony through time are more likely.
Hypothesis 2: Evolutionary Adaptation
Evolutionary adaptation of plankton populations would be an obvious mechanism leading to diachrony of events. For FADs we should expect a progressively younger age starting from a location of evolutionary first appearance to other areas as the species gradually expands its geographic range through adaptive immigration. In a similar way, certain adaptive capabilities of populations may be eliminated through geologic time, leading to diachrony of extinctions. We have found several examples for such a mechanism for both FADs and LADs, especially among diatoms. Among first occurrences we find the following: the FAD of Rhizosolenia praebergonii is recorded in seven holes and its age decreases from about 3 Ma in equatorial areas to about 2 Ma at northern high-latitude sites (Figure 16a) ; the FAD of Thalassiosira oestrupii is recorded in eight holes and shows a time-transgressiveness from about 6 Ma in the southern high latitudes to 3.5 Ma in the northern high latitudes (Fig. 16b) Some of these diachronies may be related to ecological factors that differentiate siliceous and calcareous plankton, and also phytoplankton and zooplankton: calcareous plankton is highly diverse in warmer waters, whereas siliceous microfossils are widespread also in cooler water masses. We interpret the fact that we see a pattern of latitudinal restriction mostly in foraminifera, as an indication of their higher sensitivity to temperature changes. There are several lines of evidence that suggest that CaCO3-secreting organisms tend to be limited by cold water temperatures [e.g., Clarke, 1990 ]. In addition, Wei and Kennett [1986] In Table 4 we summarise the geography of diachronous FADs and LADs for the whole set of data and for the single plankton groups. We have separated equatorial areas from northern and southern midlatitude to high-latitude areas at 15 ø latitude. Speciations (FADs) of oceanic plankton in general seem to be randomly distributed, whereas survival refugia (LADs) appear to be slightly more abundant in the northern hemisphere and the equatorial region. With respect to the individual plankton groups there is no evidence for a general nonrandomness with the The equatorial area is considered between 15øN and 15øS.
•-20% ~50% -10% <5%
By the criteria used a surprisingly small proportion (42%) of 124 commonly used Neogene biostratigraphic plankton events are actually recorded at synchronous levels in magnetostratigraphically calibrated sections (Table 5) . A considerable number show coherent latitudinal gradients in their diachrony, holding the promise to further elucidate paleoceanographic and evolutionary processes. Some 70% of the studied bioevents (FADs and LADs) are from latitudinally widespread species and show more frequently diachrony than latitudinally restricted taxa. Diachrony also seems to increase with increasing age of the event. Four likely causes for these diachrony patterns have been considered: decrease of global environmental gradients through time, evolutionary adaptation, migration due to climatic changes, and uncertainties in the taxonomic concepts. The last three hypotheses have been illustrated by specific examples. However, many of the events examined during this study are more or less synchronous, and their age calibrations generally coincide with the published low-latitude calibrations.
From the results obtained it is possible to make some suggestions on how to improve the general quality of the biostratigraphy of the Neogene. The highest possibility to significantly improve the biochronologic resolution appears to lie in a recalibration of numerous events of species with uncertain or variable taxonomic definitions. We estimate this potential to be particularly high for calcareous plankton events (see Table 5 , column 6). Moreover, a tighter sample spacing could provide additional resolution beyond the average current sample spacing (0.185 m.y.). Great potential exists in pre-Pliocene intervals, where only a small number of paleomagnetically calibrated sections are available. To conclude, we think that the reality of common diachrony should be accepted by biostratigraphic workers. This implies that regional rather than global age calibrations should be made and more frequently used.
